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ABSTRACT 


The loading phenomenon in grinding wheels is difficult 
to study experimentally by ccnventional v means. Radiotracer 
techniques using acti-vated workpieces of steel (annealed HSS) 
and aluminium have been applied for the first time to quanti- 
tative measurements of the effects of grinding parameters on 
wheel loading. 

For 8,nnealed HSSj the tracers employed were Co-60 and 
Fe-59. The amount of loaded material was determined absolutely 
by applying (a) a y~Y coincidence technique for counting 
the Co-60 activity on the cutting surface of the wheel, 

(b) an extrapolation method applied to singles y “Counting 
of the Pe-59/Go-60 activits’- on the wheel. As a check on the 
above techniques, absolute results for the amount of loaded 
material were derived by Y"Y coincidence counting of Co-60 
activity in dressed material collected from ihe wheel after 
an experiment. A few conventional measurements of loading 
involving chemical separation of metal and a use of a 
micro-balance were also conducted to confirm the validity of 
the nuclear techniques. Studies of the loading phenomenon for 
annealed HSS were conducted over a range of grinding conditions. 



The feasibility of carrying out loading studies in 
the grinding of other materials of interest was established 
in the case of aluminium, where the y-emitting radio- 
tracer employed was 1^-24 generated from the il-27 (n, a) 
reaction with fast neutrons. 



CHAPTIR I 


INTRODUCTION 

Improveineiits in the quality of the final product and 
higher economic effiency are characteristic aims of modern 
manufacturing. The need to produce interchangeable units, 
as well as the aim to minimise the fitting time, has led to 
the requirement of more stringent tolerances on the size 
and shape of machined 'products. The role of grinding as an 
effective machining operation has therefore considerably 
increased in importance. 

The grinding process.^ as it becomes more hi^ly 
developed, holds the promise of reduced costs and higher 
efficiency. As castings and forgings are held to a closer 
stock allowance, it becomes more economical to use grinding 
as a stock-removal as well as a finishing process. As 
difficult-to -machine materials are introduced, grinding 
again proves advantageous. In order to realize the full 
potential of the grinding process, it is necessary to 
optimise various grinding variables such as wheel wear, 
surface finish and wheel loading. An important aspect is 
thus iiie development of techniques for the accurate measure- 
ment of these variables. The application of radiotracer 
methods to the determination of grinding wheel loading, a 
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phenomenon difficult to study experimentally by conventional 
means, is the subject of the present work. 

1.1 Grinding; Wheel Loadin:S: ? 

In grinding, the efficiency of the operation decreases 
as the wheel's cu.tting surface becomes dull. This dulling 
is due to either the abrasive points wearing down excessively 
to 'flats' (in which ccndition they do not remove metal 
readilyj , or to the loading of extraneous material into the 
porous surface of the grinding wheel. The loading of grind- 
ing wheels can be of two types, viz. (a) gum loading and 
(b) metallic loading. The former occurs when the grinding 
fluid used deposits a gummy material,, on the surface of the 
grinding wheel. Metallic loading is due to metal particles 
from the workpiece adhering to the abrasive grains and filling 
the pores on the wheel surface, there b;?- leaving insufficient 
room for chip clearance. 

In grinding, increased loading , generally brings about 
several undesirable effects, such as reduction in stock-removal 
rate and increase of instability due to chatter vibration, 
-‘further j loading causes excessive heating of the work surface 
due to hi^ friction bet'J’een the work and loaded material, 
resulting in deterioration of both siirface finish and 
mechanical properties of the surface layer of the wooi:. Since 
the loading phenomenon is not well imderstood, any corrective 
measures that are applied have to be empirical ones . 
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In evaluating the efficiency of a grinding operation, 
a determination of the power consumption is usually made. 

Ifcile this is an important measurement, it includes the 
effects of ho1h Ihe wearing of the abrasive grains and of 
metallic loading. Accordingly, separate measurements are 
essential to differentiate between these txfo contributing 
factors. little attention, however, has been paid to the 
loading process and the means of combating it. This has 
been largely due to difficulties in carrying out accurate 
measurements of loading. A few techniques have been tried, 
e.g. the chemical detection meihod, the colorimetric method 
and the spectropho tome trie method. Recently^ two other 
techniques - one involving the measurement of induced 
currents and the other using the magnetic properties of 
the loaded material have been su gg ested for the in-process 
determination of loading characteristics of grinding wheels. 

Some of the above methods for measuring loading 
have to be carried out rather painstakiUi^y while others 
provide difficulties in normalization, i.e. in obtaining 
accurate absolute results for the amount of loaded material. 

1.2 The Present Work ; 

In the present study, radiotracer techniques have 
been applied for the first time to experimental studies of the 
loading phenomenon in grinding. The radiotracers used were 
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Go-60 and I'e-5S for annealed HSS 'workpieces and Ha— 24 for 
aluminium. The amount of loaded material for the annealed 
HSS esperiments was determined absolutely by applying a 
Y-Y coincidence technique for counting the Co-60 acti‘\rity 
on the cutting surfa.ce of the 'Sfheel, The basic counting method 
had been established earlier in absolute measurements of the 
■wear of irradiated HSS turning tools and in the development 
of short-tool life testing methods. The other method used 
to obtain absolute results was an extrapolation method 
applied to singles Y~co unting of activity on the wheel. As 
a check on the above tx«ro techniques, also lute results for 
the amount of loaded material were derived, for annealed HSS, 
by y~Y coincidence counting of the Co~60 activity in dressed 
material collected from the wheel after an experiment. A few 
conventional measurements of loading, involving chemical 
separation of metal and the use of a micro-balance, were also 
conducted to confirm the validity of the nuclear techniques. 

Applying the above methods, the growth of loaded 
material on the -s-rheel surface was studied under various dry, 
plunge grinding conditions. It was found that the loading 
Gurve for the annealed HSS experiments could be divided into 
"two stages - one in which loading increases rapidly, and the 
other in which it remains nearly constant. The latter was 
considered to represent a state of equilibrium for lo8.ding^^^^^^^ 


during the grinding opere.tion. The i;p.riation of charac- 
teristic loading parameters was studied for different depiiis 
of cut and tahlo speeds. 

The feasicility of carrying out loading studies 

for other iua-teria^ls of interest was established in the case 

of aluminium, foi'’ which !'Ta-24 (Tj_ = 15 hours) was used as 

2 

the radiotracer. This was generated employing 

the 11^7 (x) reaction with 14 MeV neutrons obtained using 

the ¥an de G-raaf generator at IIT Kanpur. 



CHAPTER II 


GBHBRAi REVIEW 

2.1 The G-rlnding Process [1] 

Over the years, the grinding process has commanded 
a position of ever-increasing importance in industry, so 
that today it is one of the most widely employed metal cutting 
operations. At the beginning, grinding was a method of 
finishing hard surfaces. Today, it is also used for the 
removal of large quantities of various types of materials. 
Although it is one of the most precise and technically 
important material removal operations, grinding is probably 
the most complex and difficult to understand. 

In grinding, metal is remo'ved by a shearing process 
just as in turning and ::milling operations. Grinding may 
be described as a multi-tooth operation in which a large 
number of abrasive grains held by a bonding material perfoim 
the cutting. 

There are, however, certain important differences 
between the grinding process and other methods of metal 
removal. In grinding, the grains which act as tools are of 
varied and indeterminate geometry. Further ^grinding is 
ordinarily carried out at surface speeds of 200 m /min. or 
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higher, while other metal -cut ting operations are accomplished 
at speeds an order of magnitude lower. Grinding is also 
characterized by "very small depths of cut, of the order of a 
few microns. Because of the random grain geometry, the high 
cutting speed and the small depth of cut, the mechanisms * 

involved in grinding are difficult to observe and evaluate. 

2.1.1 Grinding Wheels; 

A grinding wheel is composed of a large number of small 
abrasive particles held together by a bonding agent. These 
abrasives are extremely hard (-t' 2000 kgf/mm^), brittle and 
refractory particles. Typical abrasives used are (i) Aluminium 
Oxide (alundum) denoted by the letter *A’ , (ii) Silicon Car- 
bide (Carborundum)- 'G* , and (iii) Diamond - 'D*. Silicon 
curbide is more suitable for grinding materials of low tensile 
strength, while alumina is most efficient for grinding hard 
and tough materials. 

The structure of the grinding wheel is characterized by; 

. (a) the mean force required to dislodge a grain from the 
surface of the wheel. This is called the grade of the wheel, 
designated by a letter of the alphabet. The wheel grades 
are; G to G (very soft), H to K (soft), 1 to 0 (medium)^ 

P to S (hard) and T to Z (very hard). 



(b) the mean void size and distribution. This is 
designated by the structure number which varies from 1 to 12 
where 1 represents a very dense structure and 12 a very open, 
one . 

(c) the mean spacing of activa grains on 1iie wheel 
surface. This depends on the grain size, the amount of 
bonding material, the dressing technique and the grain type. 
The range of grain sizes is: 6 to 24 (coarse), 30 to 60 
(medium), and 70 to 600 (fine). 

There are six general l^rpes of bonds used in grinding 
wheel manufacture: (i) Vitreous (V), >±Lich consists of a 
glassy, brittle, high-strength Biaterial such as pyrex glass, 
(over 75 percent of all grinding wheels have ihis type of bond 
(ii) Resinoid (B), which consists of organic thermosetting 
resins, (iii) Rubber (R), (iv) Silicate (S),(v) Shellac (E), 
(vi) Magnesite (O) and (vii) Metallic (M). 

Using the above notations, a typical grinding wheel 
may be designated as follows: 


A 

46 

H 

8 

V 

BE 

Abrasive 

Aluminum 

Oxide 

Grain 
Size 46 

Grade 

H 

Structure 
Uumber 8 

Vitrified 

Bond 

BE Type 
Vit rif ied 
Bond 



Grinding wheels are ’dressed* by mchining the wheel 
surface by a dia,mond tool. This produces a round wheel and 
removes flats from worn grains by grain fracture or removal. 
The manner in which a wheel is dressed can have a significant 
effect on its grinding performance . Therefore, for experi- 
mental work, one must hold the down feed, cross-feed rate, 
etc. constant during dressing, in order to reproduce wheel 
conditions. 

A grinding wheel is 'trued* in order to restore its 
cutting face to running truth or to altar the cutting face 
for grinding special contouis . 

2.1.2 Grinding Operations and Performance? 

Pour main types of grinding operations aie generally 
employed, depending on the job to be manufactured. 

(i) Surface Grinding: grinding a plane surface, 

(ii) Cyiin{jpical Grindings Grinding a cylindrical surface. 
It can be subdivided into (a) External and (b) Internal 

(iii) Centreless Grindings Grinding the inside or outside 
diameter of a cylindrical workpiece not mounted on centres. 

(iv) Off-hand Grindings when the dimensional accuracy is 
unimportant. 

When the material to be ground is narrower than the 
width of the wheel , the operation is called Plunge Grinding. 
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For the C8.se of surface grindingy Fig. 2.1 indicates 
the important grinding variables - wheel speed (V), table 
speed (v), down feed or depth of cut (d), wheel diameter (D)y 
and undeformed chip thickness (t). The other variables are 
the number of cutting points per unit length of wheel surface 
(C) and the width- to-depth ratio of an average cut (r). 


The perfoimance of a grinding wheel can be assessed 
in terms of * grind ability ’ ^ a term used to describe the 
relative ease of grinding. Grindability is concerned with 
the forces, power required in grinding, wheel wear and stock- 
removal rate, as well as the surface finish produced. A 
material is said to have good grind abilitj'" if the forces, 
power and wheel wear are low, the stock -removal rate is 
high and the surface finish is good. Most of the factors 
affecting grind ability can be shorn to be related to the 
undeformed chip thickness given by the equation [2] 

t = V'((4v/VCr)f(d/D)) 

The ©ase of grinding is mainly assessed in terms of 
the following three indices 3 


(l) Volume ratio or Grinding ratio 


lolume of metal removed 
Volume of wheel worn 


(2) Grinding characteristic = — 

^ Met horae-power 

( 3 ) Grind ing Rat ing = (Power per'unit volume removal rate)x 

Surface finish (RMS) 
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For good grinding conditions , the abcve tLiree indices shoiild 

be as large as possible. A grinding fluid is sometimes used 

to improve the cutting conditions as well as surface finish. 

2 • 2 Grindinis; ¥heel Loading and Difficulties in its 
Measurement ; 

Ihe loading of work material into the pores of a grind- 
ing wheel is one of the main factors which directly affects 
grinding performance. Loading gives rise to several detrimen- 
tal effects such as excessive vibrations, reduced material 
removal rate, excessive grinding temperatures resulting in 
thermal cracks and metallurgical changes at the work surface, 
etc. In practice, it is necessary to dress the wheel when 
the loaded amount reaches a certain critical value which 
causes serious reduction in cutting efficiency. 

Because of difficulties encountered in carrying out 
measurements of loading, only a few systematic investigations 
of the phenomenon are presently found in the literature, A 
review of experimental techniques used to date is given below; 

(l) Shudolz et al [3] suggested the ’transfer' or 
'chemical detection’ method in which metallic loading images 
from the wheel surface, where maximum loading was observed, 
were recorded on HOI treated paper. The wheel loading 
impressions were then counted accurately and the degree of 
wheel loading was deteimined by measuring the number of 




particles per utiit area at two different positions, where 
maximum loading was apparent. The average number of particles 
determined from these impressions gave the maximum degree of 
loading. 

(2) Ehudobin [4] developed a colorimetric method to 
determine the degree of wheel loading. Samples of loaded 
material were taken frcm five different points on the wheel 
surface, brought into solution and then treated with a reagent 
(Immonium Thyocyanate ) to impart a stable orange colour to 
the solution indicating the presence of iron. A measure of 
the concentration of iron in the solution was obtained by 
using a KM colorimeter. The amount of iron loaded on the 
wheel surface could then be deduced by comparing; the samples 

with standard solutions. It was observed that loading 

% 

increases with grinding time in the manner indicated in 
Pig. 2.2(a). 

(3) The method of Pandey et al. [5] involves obtaining 
scratched samples of similar weight from the wheel surface, 
chemically separating the loaded metal frcm the abrasive 
grains and determining the transmittance of the resulting 
solution tising a spectrophotometer. Calibration was again 
Carried out using standard solutions. The experimental results 
indicated that a newly dressed wheel would tend to load very 
rapidly in the beginning but that, after the initial period. 



loading proceeds more or less at a constant rate [Fig. 2, 2 (b)] . 

It was also observed that loading increases with increasing 
down feed and table speedy that large grain-sized wheels are 
less suceptible to loadingi, and that wheels which wear rapidly 
would load to a lesser extent than wheels which do not. 

(4) Recently, an eddy current sensor for inprocess measure— 
ment of loading has been developed by Sata et al.[6j. The 
sensor is based on the inductive effect between a coil placed 
closed to the wheel surface and the loaded metal particles 

on the wheel surface. With a d.c. current flowing in the 
coil, a sli^t change of the voltage is caused by the loaded 
particles. The yoltage is amplified and, by rectifying the 
output of the amplifier, the mean coverage of the loaded metal 
on the wheel surface can be obtained. Calibration was carried 
out throu^ subsidiary exper jiiiients using plastic wheels embedded 
with sliced steel wires of various diameters. Sata, et al. , have 
reported that loading increases gradually with grinding time and 
that a higher metal removal rate in grinding gives a higher 
loading rate [Fig. 2.2(c)], 

-A 

(5) In the work of Yamamoto and Maeda method for in- 

process me asufement of loading has been developed on the basis 
of magnetic properties of the loaded material. A d.c. magnetiz- 
ing method based on the principle of magietic recording/repro- 
duction was employed. The "mriation of loading with grinding 
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time was evaluated and found to be. of the t3rpe indicated in 
Fig. 2. 2(d). 

In tho above methods, the following difficulties in 
the experimental techniques may be identified; 

(i) The need for painstaking sample preparation involving 
chemical separation, etc., in (2) and (3). 

(ii) The sampling of only a small part of the loaded wheel 
surface, in (l), (2) and (3). 

(iii) Difficulties in obtaining accurate absolute results in 
(4) and (5). 

The piesently developed radiotracer methods do not 
have any of these drawbacks. 

2.3 Earlier Radiotracer Applications in Metal -Cutting ; 

Normal tool-life testing takes a lot of time, so that 
accelerated tests are often applied. These tests, however, 
cannot be accelerated beyond a certain limit due to the 
intrinsic low sensitivity of conventional wear measuring 
techniques. The use of radioactive tools for measuring wear, 
on the other hand, provides sufficiently hi^ sensitivity for 
obtaining even the instant ^eous rates of tool wear at any 
given time in the life of a tool. 

During the past two decades, a number of woadeers have’ 
reported such measurements [8, 9? 10]. It has been established 
that 95 percent of worn particles from the cutting tool 
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adhere to the chips even in wet cutting. Cook and lang [11] 
have pointed out some of the limitations of using radiotracer 
methods for tool wear determination, hut the criticism has 
been principal!;/ of the methods employed rather than of the 
attainable accuracy. 

Much of the earlier woik emplo3!^ed Geiger-Muller counting 
of ^ or although Mai scintillation counters, 

with their hi^i efficiency for Y”^a-ys, have now become popiilar 
for such measurements. Mo matter which type of nuclear 
detector is employed, a basic problem is the accurate deduction 
of absolute wear from the relative counting of the chip sam- 
ples. This is because of the complex counting geometry offered 
to the detector by a particular chip sample. Several different 
methods have been used for obtaining the wear absolutely, and 
these are listed belows 

(1) In one method [9], the specific activity of the tool 
bits is calculated from irradiation and nuclear data. Assum- 
ing that the counting efficiency for the chip saraples can be 
determined by subsidiary experiments, the absolute , activity 
in a given sample can be measxired and hence, the wear volume 
represented in it can be deduced. Such an approach obviously 
has serious sources of systematic error. 

(2) The most commonly applied method has been to irradiate 
a weired piece of tool material together with the tool bit. 
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This referencG sample is dissolved ±n. a sxiitable chemical 
agent, a known part of the solution is evaporated and its 
activity measured under identical geometrical conditions as 
used for measurements with chip samples [9,11]. This pro- 
cedure is obviously painstaking. Besides, finite differences 
in simulating the chip-sample counting geometry can lead to 
large errors in the normalization of results. 

(3) In another suggested method [10], the radiotracer is 
chemically separated from the weighed piece of tool material 
as well as from a given chip sample. The two ^ activities, 

in some suitable solution form, are then compared using liquid 
scintillation counting techniques. Here the chemistry of 
separating the radiotracer from the rest of the chip sample 
is tedious. Besides, the extreme sensitivity of liquid 
scintillation counting can be a major drawback. 

(4) Recently, Bhattacharya [12] has reported the application 
of y-y coincidence counting methods for deducing absolute 
total wear volumes. It has been demonstrated that consistent 
absolute results can be obtained irrespective of the exact 
counting geometry offered by a given sample of randomly 
rearranged chips. This method of normalization was successfully 
used in carrying out multispeed tool-life tests wherein, by 
suitable interpolation of the instantaneous rates of absolute 
wear measured for a number of discrete cutting speeds, the 
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corresponding tool-life values were deduced in a test employ- 
ing a single cutting edge. 

Of Hie methods listed above for obtaining absolute 
results in tool wear studies, the one which seems most 
suitable for applying to measurements of grinding wheel 
loading is (4). Using activated woikpieces, one would count 
the loaded surface of the wheel and, in the end, normalise 
results by y-Y coincidence counting^ i. e. without having to 
tneat the. wheel chemically and prepare special samples. 

However, this method would be employable only if the radio- 
tracer generated in the workpiece decayed through the emission 
of two or more coincident y-Va.js and further, if these y-^rays 
were of sufficiently hi^ energy for s elf -absorption effects 
in the wheel to be small. Co-60 and Ha- 24 are two examples 
of such radiotracers. In general, if the available radiotracer, 
say Fe-59, does not have coincident y's in "its decay, an 
alternative approach would have to be adopted for normaliza- 
tion. The various noimalization techniques used in the pre- 
sent work are described in Chapter III. 

2.4 Health Physics Considerations ; 

A fundamental aspect of radio-isotope applica tiers is 
the need to protect people against the harmful effects of 
exposure to nuclear radiation. The radiological hazards can 
arise either from an external source or internally throu^ 
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accidental inhalation/ingestion of radioacti've material. 

Special precautions have to he taken, therefore, for monitor- 
ing radiation levels at all stages of experimentation. Further, 
any radioactive waste materials generated, e.g. counted chip 
samples in tool-wear studies as well aB the worn out radioactive 
tools, have to he stored and later disposed off suitably with- 
out risking any environmental contamination-. 

The current recommendations of the ICRP (International 
Committee for Radiation Protection) regarding maximum per- 
missihle levels aie i 

(i) For occupationally exposed individuals: 

3 rems in 13 weeks, 5 rems in 1 year. A maximum 
continuous working exposure of 2.5 m rem/hr. An accumulated 
dose of 5(H’-18) years, where IT is the age of the person. 

(ii) For the general Public s 

A total body exposure of less than 0.5 rem/year. 

It may be mentioned at this point that the total dose 
accumulated during the course of the present work was less 
than 0.5 rem. 

Four important parameters control the external radia- 
tion exposure in a given experiment, via. (i) source strength, 
(ii) source distance (iii) exposure time (iv) source shield- 
ing. The dose received is directly dependent on the source 
strength and exposure time, and inversely on the square of 
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the source distance , so that experiments using radioactive 
materials should be so planned that minimum source strengths 
can be employed, personnel can be adequately distant from the 
source, and a minimum amount of time has to be spent in the 
area. If -these three controlling factors are not practical, 
adequate shielding of the source would have to be pro-vided. 

Whenever radioactive material enters the body, it cons- 
titutes a source of internal radiation which may or may not be 
localized depending on the behaviour of the particular element 
within the biological system. A radionuclide ^ or a compound 
containing a radionuclide jOn entering the body behaves exactly 
the same as if the corresponding stable isotope of the element 
were present. This means that once within "the body little 
or nothing can be done to reduce -the radiological hazard from 
internal sources. Consequently, the only method of achieving 
adequate radiation protection against internal sources lies in 
ensuring the prevention of the entry of radio-nucli des in 
quantities greater than are considered acceptable hazaids. 

In “the present work, the workpiece itself was radio- 
active, whereas in tool-wear studies it is the cu-tting tool 
which is activated. However, the specific activity of the 
workpiece in the grinding studies was very much less than that 
generally used for irriadiated ■tx>ol bits ( 3 p Ci/gm compared 

to ^3 m Ci/gm), so that source shielding was not necessary. 



The complicating factor, however, was that the chips themselves 
were radioacti-ve and, at the same time, of particulate size. 
There was thus the danger of activity being air-borne to cause 
equipment contamination and accidental inhalation/ingestion 
of radioactive dust. Special precautions had therefore to 
be taken, e.g. confining all the genemted chips to within a 
double walled debris-collec tion box, lined on the inside with 
petroleum jelly (Chapter lY). 



GHAPTBR III 


MEASUEEMBIW TBCHITIQUilS 

As discussed in Section 2.2, some of the can-ventional 
methods employed to determine the amount of material loa,ded 
in a grinding operation are rather painstaking, in'volving 
chemical treatment of samples collected from the wheel 
surface. Others provide difficulties in normalization, e.g. 
the use of 'standard' loaded wheels for calibration. The 
presently developed radiotracer techniques using activated 
workpieces overcome these difficulties and provide a more 
convenient means of carrying out detailed and accurate 
investigations of the loading phenomenon. 

Two basic methods have been presently employed for 
obtaining the loaded amount absolutely from observed count- 
rates of the ^dieel surface, viz. 

(i) y~Y coincidence technique for determining Go-60 activity 
on the cutting surface of the wheel. 

(ii) An. extrapolation method, applied to singles Y-eounting 
of I'e-59/Oo-60 activity on the wheel surface. 

As a check on these two methods, absolute results for 
the amount of loaded material were also derived by Y“Y i 
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coincidence collating of Go-60 activity in dressed material 
collected from the wheel after an experiment. Further, a 
few conventional measurements of loading were conducted to 
confirm the validity of the nuclear techniques. 

3.1 Y-Y Coincidence Technique ; 

In many practical applications of radio-isotopes, 
an accurate knowledge of the absolute activities of sources 
is unnecessary, the only requirement being relative counting 
of different samples of the same isotope offering the same 
counting geometry. However, in some applications, the acti- 
vity to be counted is not of a geometry which can be easily 
simulated by a standard source, e.g. chip samples in tool- 
wear studies. This is also the case for the counting of a 
grinding wheel. 

The coincidence method is a useful technique for eli- 
minating geometry and efficiency considerations in the count- 
ing of samples which decay through the simultaneous emission of 
two or more radiations [13]. If the coincident radiations are 
relatively hi^ energy y^rays, so that self -absorption effects 
are small, the activity of distributed sources can be normalised 
through Y“Y coincidence counting. Co-60 and Fa-24 are two ^ 
examples of radiotracers for which such measurements could be 
carried out. 



The block diagram of a y-y coincidence set-up is shown 
in J’ig. ,3.1. A point source of absolute activity ii, emitting 
two y-rays (y^ and y 2 ) in coincidence , is located between the 
t'wo y-counters, A end B. If the iMo detectors are set such 
that A is sensitive only to y^ and B only to 12 ? then the 
respective count-ra-tes would be, 

^A ~ (1) 

where and pjg are the oT^erall efficiency factors for the 
detectors A and B and include both the geometrical as well as 
intrinsic efficiencies. 


A coincidence is said to occur when a count is regis- 
tered simultaneously in both counters, i.e. a true coincidence 
may be defined as one in which y-^ and y 2 s-^re recorded simultane 
ously. Thus, the true coincidence ra.te would be 

Cc = V'lB-" (2) 

and hence from equations (1) and (2), 


IT 


^ A ^B 

0 ' 


(3) 


c 

The absolute activity of the radioactive sample would thus 
deduced. 


be 


The true count-rates C^) have to be deduced 

from the measured values Ihrough the application of the 
following corrections; 
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(i) Dead-Tine Oorrec tions : 

The count-rates are corrected for losses due to dead- 
time effects in the t^fo counter channels. In particular, the 
correction factor for the recorded coincidence rate is equal 
to the product of the factors appropriate to the recorded 
rates in the tifo channels. 

(ii) Background Corrections; 

The appropriate background rates must be subtracted from 
the measured coimt rates. 

(iii) Random Coincidence Rate Correction Applied to C ; 

There is ^ in addition to background, a contribution to 
the observed coincidence rate from coincidences -which occur at 
random between unrelated counts in the two input channels of 
the coincidence -unit. If m^ and m 2 are the obser-ved count- 
rates in the individual channels of the coincidence unit and 
if and ^2 are the individual resolving times of the t^xo 
channels, then the random coincidence rate will be given by, 

0^ = (tj, + Tg) 

The ideal conditions assumed for obtaining equation (3) 
are seldom achieved. It is not always possible to make a 
given detector sensiti-ve to one radiation only, and correc- 
tions may have to be applied for the sensitivity of the 



detector to tiie otlier ra.diatior. Hence, one bes to effectively 
modify equation (3) to the foim. 



G 


A 


c. 



f ( e) 


(4) 


where f (e) is a function of the different intrinsic efficiency 
factors of the twro detectors for the tx-ro types of radiations. 

It should be noted that equation (4) is independent of any 
geometrical efficiency factor. Thus 5 if sample 1 of the 
radioactive isotope in question offers a ^ometry different 
to that of sample 2 of the same isotope, coincidence counting 
would directly yield the ratio of their activities, since 
f(e) in equation (4) would be common to both samples. 


The other effect which should be taken into account, 
in computing, absolute activities by coincidence methods, is 
that of angular correlation bet^reen the coincident radiations. 
This is a second order effect in comparying activities of 
samples of the same radioisotope when the counting geometries 
are not very different. However, in the present study, this 
effect had to be considered explicitly because the geometry 
offered to the detectors by the wheel surface was quite' diffe- 
rent from that offered by a small reference sample. 


method outlined above was employed for deducing the 
absolute amount of material loaded on the wheel surface in the 
following way. A small, accurately weired piece of the woik 



material (x gm, rith x •'i- 0,022) was irradiated alongwith the 
■workpiece so that the specific activi'i^r of this small refe- 
rence sample ifould be the same as that of the ■workpiece. 

After obtaining the shape of the loading cur-ve (relative) 
through singles y-counting of the wheel surface ^ y-y coinci- 
dence counting of Co-60 activity > 7 as used to yield [S' .f(e)] 

w ■ ■ ,,, . . 

from equation (4)? 'vvheDrc- denotes the absolute Co-60 activity 
of the finally loaded amount. Coincidence counting ■was 
carried out for the sma3-l reference sample, before and after 
coincidence counting of the wheel. The mean count-rates 
from these two se^ts of readings for the reference sample were 
■used in equation (4), so that fhe effects of electronic 
drift, etc. would be minimum in the lesult for [H_.f(e)], 
where ITg denotes the absolute Go-60 activity in the refe- 
rence sample. Thus, the ratio (K^/Fg.) was accurately deter- 
mined and the amount of finally loaded material deduced as, 

Mq = [(liyNg) x] gms (5) 

3.2 Bxtra'Pola'fcLon Method ; 

Another method of normalisation b£sed simply on 
singles y-counting of the activi-ty on iiie wheel surface was 
established. This method is particularly useful when the 
available radiotracer do^ not decay with Ihe emission of two 
Y*s in coincidence, e.g, i'e-59 in mild steel. 
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The method involves sticking small reference samples of 
the irradiated work material symmetrically along the wheel's 
circumference, and then varying their distance from the cutting 
surface by using spacers of unirradiated work material. Thus, 
three reference pieces of simila,r wei^t, were first stuck 
directly on the wheel surface to form an equilateral triangle. 
The sum of the two detector count-rates obtained with the 
samples in this position was taken as the singles count-rate 
corresponding to a wheel/sample spacing equal to the half- 
thickness of the samples. A second singles count-rate was 
obtained with one spacer stuck between each of the reference 
samples and the cutting surface of the wheel. This singes 
count-rate corresponded to a wheel/sample spacing equal to 
the sample half -thickness plus one spacer thickness. The 
counting was repeated with two, and then three, spacers 
stuck between each reference sample and the wheel circumference. 
In this way, the dependence of the singles count -rate frcm 
the samples on tiie wheel /sample spacing was established. 

It is easil;/" seen that if this count rate is extrapolated 
to zero wheel/sample spacing, the result (say, C .) would 
correspond to the singles count-rate which would be obtained 
if the total mass of the reference samples (say y gms ) , were 
embedded in the pores of the wheel* s cut ting surf ace . Such 
extrapolation would essentially take into accounts 



(i) the slightly different counting geor'.etry offered hy the 
reference samples and 

(ii) self absorption effects in the y-counting of the samples. 

ThuSs if 9-i the end of a grinding experiment, the , 
singles count-rate obtained from the wheel is the 

finally loaded amount would be giwen by 

C_ 

% = [ 7 ] gms (6) 

So 

3.3 Ohecking of No ima libation Techniques 

3.3.1 Y-Y Coincidence Gounting of Dressed Debris; 

As a check on the above two methods , the amount of 
loaded material was also deri'ved absolutely by coincidence 
counting of the G'o-60 activity of dressed material collected 
from the wheel after an experiment. 

At the end of the experimait, after coincidence counting 
the wheel, etc., the wheel was dressed to a depth sufficient to 
remove all the loaded material, fhe dressed debris, contain- 
ing petroleum jelly and abrasive grains as well as the loaded 
material, was collected and packed into a pill -box. This was 
then coincidence counted to give the absolute amount of work 
material in the dressed debris, through comparison with coin- 
cidence counting results for a reference sample of work 
material. It is clear that iiie loaded amount of material thus 



obtained should agree vfith "values of i'i2_ obiained from 
equations (5) and (6), i.e. from coincidence counting of 
the loaded -wheel itself and the extrs.p elation method. 

In the course of the experiments s it "was observed 
that some residual activity (5-15 percent) remained on the 
■wheel even after dressing to a depth of 100 p (considered 
very much more than sufficient to remove all "the loaded 
material). It was felt that this was due to woiii: material 
sticking to the faces ( non-cu-tting surface) of the wheel, 
and that this could be caused eithei' during the grinding 
operation itself or during the dressing process. 

In order to resolve this ambiguity, a few subsidiaiy 
experiments were carried out. if"ter the grinding operation 
and before dressing "the wheel, each face of ihe wheel was 
covered mth "two tb.in rubber sheets, if ter dressing, Ihe top 
sheet from each face was removed and counted. Significant 
activity was observed. Ihe wheel, new "i^ith only the bottom 
lubber sheets on "the faces, was counted and no residual 
activity could be obser"ved. 

It was thus established that seme work material was 
deposited on "the faces of "the wheel during dressing - and not 
during "the grinding operation iteelf . Accordingly^ an appro- 
priate correction was applied in deducing -values from 
y-Y coincidence counting of ihe dressed debris. 
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3.3 "2 Con'Tent zonal Heasuiemen ts s 

A few conventional measuiements, to determine the 
amount loaded on the wheel, were ca.rried cut as a check on 
the validity of the radiotracer techniques. 

A grinding experiment waa ccnducted with an unirra- 
diatod workpiece of exactly the same dimensions and material 
as the irradiated woikpieces used in the rs-diotracer 
measurements. Grinding coiditions were kept the same as 
for one of the radiotracer experiments (viz. Sxpt. 5j 
Chapter V). After five passes, the loaded amount was removed 
by dressing the wheel and the dressed debris was collected. 

The petroleum jelly in the debris was dissolved out using 

' 

trichloroethylene, so that the abrasive grains and loaded 
material would be separated by filtering the solution. This 
mixture of grains .and metal was weighed accurately using a 
Standard Analytical Balance Type SAHI'I 68. It was then treated 
with aqua-regia so as to dissolve ihe loaded material. The | 

abrasive grains could then be sepa.rated and weired accurately. 
The difference of hie two xreighings gave the mass of loaded 
material in the dressed debris. A correction of 10 percent . 
was applied to this result to account for material deposited 
on the wheel faces during dressing (See 3.3.1). 
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The grinding experiiaent >ras restarted and this time 
stopped after 10 passes. The wheel was dressed and the 
amount loa.ded determined as earlier. Restarting each time, 
the loading was then measured for 15? 20 and 30 passes. The 
loading curve thus obtained compared reasonably well with 
the radiotracer technique results (Sec. 5.5). ' 



CHAPTER 17 


ESrSRIlISlTTAL PARTICULARS 

This chapter gives details of the various equipment 
employed for the experiments, the procedures adopted for 
activation of lArorkpiece samples, and the health physics 
precautions that uere observed during experimentation. 

4.1 The G r inding M ac hin e: 

A surf are grinding, machine with horizontal spindle 
manufartured by JAYEMS Engineering Co., Bombay, was used for 
the experiments. The machine was power'ed by a l.HP a.c. 
motor. Through the use of a stepped pulley azrangement for 
the belt drive, grinding wheel speeds of 2000 and 5000 rpm 
were available. The dimensions of the grinding wheel that 
were constrained by the size of the mounting spindle weres 

¥heel bore = 32 mm? Maximuii wheel thickness = 19 mm 

There was no built-in arrangement with the grinding 
machine for pox^ered table movement (tmversa), only a'hand- 
x^heel being pro^^ided for the purpose, hiowever, in order to 
obtain different constant table speeds for tne eziperiments, 
the handwheel shaft was coupled to a 0.5 HP, variable speed, 
GEG motor. The motor r.p.m., was measi;red for different 
positions of the speed -control lever using a tenhometer. The 



r. p.m. was tiien related to the linear speed of the table. 
With this arrangernen t, controllable table speeds in the 
range 0-56 m/min. were obtainable. 

Depth of Cut (do’trjn feed) was gi^ven by the domward 
■vertica.1 movement of the hoidzontal spindle. This was 
achieved by rotating a handwheel with a graduated scale. In 
order to calibrate this scale for the vortical movement of 
the spindle, some experiments were carried out in which the 
volume of material removed for different number of passes 
was measured, keeping the down feed rate constant. This 
measurement was carried out by noting the actual change in 
depth obtained with a OM-10 dial gauge indicator, mounted 
on a Starret's magnetic stand. Volume of material removed 
was then plotted against number of pa,sses, which gave a 
straight line indicating the linear relationship between 
the two. The depth of cut d, given by 

^ _ Volume of material removed 

~ Area of work piece x Humber of passes 

_ Het change in depth 
~ Humber of passes 

was related to the number of divisions througli which the 
handwheel had been rotated during each cut (pass). It was 
thus determined that each division on ihe graduated scale 
corresponded to a depth of cut of 15 microns (0.015 nim). 



Plate X, gives a general vien of tiie gi’inding machine. 

4.2 I'leasurement of Forces ; 

In surface grinding, the force components of interest 
are (normal to cutting surf ace ) and (tangential). These 
were measured by using an extended octagonal-ring type, two 
component, strain-gauge dynamometer [14], sho>m schemati- 
cally in I'ig. 4.1. In bonded-wire strain gau^s [15], the 
basic principle is that w-hen a wire is subjected to tension, 
its electrical resistance changes. If such a piece of wire 
is connected over a. structural element under strain, the 
change in resistance in the wire can be iised to indicate the 
magnitude of strain. Although, the actual change in resis- 
tance in a single active strs.in gauge is very small, the output 
can be amplified by using four active strain gau^s, 1, 2,3,4, 
in a Wheatstone bridge circuit w’’ith 1 and 4 strained in ten- 
sion and 2 and 3 strained in compression. 

Using a. Wheatstone bridge circuit for each of the 
force components, as indicated in Pig. 4.1, the output voltages 
were amplified using strain indicators Type - 301 A and Type - 
304 made by IhU- Bangalore. The amplified output voltages 
were then fed to an Encardio-rite recorder to obtain a. 
dynamic record of forces during each cut. The dynamometer 
was calibrated vertically upto 17 hgf and horizontally upto 
12 kgf by using dead weights. 'The calibration was checked 



frequently for drift. Both the "vertica.l and horizontal res- 
ponses were linear 5 and there was negligible interaction 
between the two. 

4.3 Pesign o f Debris -Oollection Bo z; 

In grinding operations, unlike in other material- 
removal processes, the material is removed in the form of vexj 
small chips, i'urther, in the present work, since the work- 
piece was acti’rated, the chips themselves were radioactive. 

Due to the particulate size of the chips, there was finite 
danger of activity being airborne and causing equipment 
contamination or accidental inhalation /ingestion of radio- 
active dust. Therefore, it was essential that all the chips 
produced be confined to within an enclosed chamber. 

A suitable, double-walled perspex box was designed to 
enable grinding and dressing operations to be carried out 
within its enclosed space. It essentially consisted of two 
individual boxes made from 5 mm. and 10 mm perspex sheets. 

The inside surfaces of the boxes were smeared with a thin 
film of petroleum jelly before each experiment to ensure 
sticking of debris. 

The inner box was of 300 mm x 173 mm x 60 mm. size and 
enclosed the grinding wheel and workpiece (or dressing tool) , 
so that almost all the chips (or dressed debris) could be 
collected within it. The rear wall of the box was mounted on 



the horizontal spindle casing and the other side walls could 
be easily screwed into position. The inner box rested on a 
large perspex plate which could move with the table ^ two 
vertical strips mounted on the plate rema,ini 3 ag in sliding 
contact with the front and rear walls of the box. The 
woikpiece (mounted on the dynamometer, which was in turn 
fixed to the table) protruded through a hole in this plate. 
'■Ihe length of the inner box was such as to allow within it 
the complete longitudinal movement of the workpiece during 
the grinding operation. A vertical sliding airangement was 
provided for the side walls of the inner box, so that down 
feed could be given to the grinding wheel without any 

interference. 

. * 

The inner box was itself enclosed in an outer perspex 
box of 575 mm x 200 mm x 175 mm size. This was done as a 
precaution to ensure collection of any chips that might 
escape the inner box. The outer box rested inside a base . 
tray which was fixed to the table of the grinding machine. 

A view of the grinding machine with the inner and 
outer boxes in position is given in Plate 2. 

4«4 The Oounting Set-up ; 

Singles and y-Y coincidence counting of the wheel, 
reference samples and pill -boxes was carried out on a twin 
Ual -sc inti 11 action counter system, the block diagram of which 



is indicated in Pig. 3.1. Tlie modules were of BOIL design with, 
specifications as detailed below;- 

1. Scintillation Counter Heads ; 

SH 643 j SH 644;, with. .¥al (Tl) Crystals of 50 mm x 
50 mm size, RCA 8053 photomultipliers, built-in preampli- 
fiers, operating voltage of + 1.0 to 1,5 kV and a resolution 
of 8 percent for the Cs - 137 photopeak (0.66 MeY). 

2. Amnlif ie rs ; 

PA 521, settings used being 10-50 attenuation, 0,1— 0.5 
gain, 1 (j. sec ti.me constant, 

3 • Single Channel Analyzers ; 

SC 603 wiiii a base line voltage range of 0.2-10 Yolts 
and window width adjustable between 0-2 volts and SC 604 A, 
with a baseline voltage range of 0,2-10 Yolts and window 
width adjustable between 0-1 Yolt, 

4 . High Yoltage Units ; 

HY-216, with positive output of 0.5 to 2.5 kY, a 
value of -^-1 kY having been presentO-v used, 

5, Coincidence Unit ; 

UC 676 A with a resolving time ad justable between 
0.1-2 \x sec. on one of the input channels. 



6 . Timers 


ET 454 A 
7. Scalars s 

DS 3 27 A 

Eor counting pill -box samples, a sample changer, with 
provision for holding four samples and counting these in 
tum imder identical geometrical conditions, was used with 
the two scintillation detectors mounted vertically above and 
below 5 cm apart. A 10 cm thick lead shield around each 
counter head provided adequate background reduction. 

For counting a loaded grinding wheel, the sample- 
changer disc was unscrewed from its axle and replaced by a 
special aluminium plate. The grinding wheel, after being 
wrapped in a polythene hag (to minimise any chances of 
contamination of the counters) was enclosed in a flat pers- 
pex box which could be screwed into a fixed position at 
one end of . the a.luminium plate. A repeatable counting 
geometry was thus ensured, with the wheel centre located 
along the axes of the counter heads. 

Plate 3 gives a general view of the counting set-up 
and also shows the arrangement used for grinding-wheel 
counting. 



4*5 Activation of Steel Work-pieces ; 

The workpiece material used was annealed H.S.S. 
containing -'' 0.1^ Cobalt (BHM of •'v 2-;-0). The main Y~®i^i'^ting 
radiotracers to he generated were 13-59 and Go-60. 

The service irradiation of three workpieces (pre- 
ground to the required sire), together with accurately- 
wei^ied reference samples of xforkpiece materml, was carried 
out in the GIRTJ3 reactor by the Isotope Division, 33AHC. 

The conditions requested for the irradiation were a thermal 
12 

flux of 10 n/cm^ sec. and a duration of 2-3 hours, the 
expected activities in p. Ci/gn being 1 of Pe-59 and '^0.2 of 
Go-60 [12], 

After receipt of the irradiated material at IIT Eanpur, 
Y-spectra of the samples were observed using Nal and Ge(Iii) 
dector systems, coupled to a 128-chaLinel analyser, Fig.4.2 
compares the ITal y-spectrum with -aiat ox a standard Co-6G 
source. The Ge(lji) spectrum of the iiradiated samples is 
shown in Fig. 4.2(a). A G-e(li) spectrina of the samples 
taken -v 4 month>s latter is shown in Fig. 4.2(b). Comparison 
of the two C-e(li) spectra shows tha.t 'Sie Fe-59 activity’ 
decayed by a factor of l/8 during this period, relati'W to 

the Co-60 activity (T. = 45 days for Fe-59, compared to 5.2 

. .. , . 2 . 

years for Go-60 ). Such decay during the total period of 
experimentation did not have to be explicitly considered 



since a inference sample of workpiece material was used in 
every experiment for normalising the count-rates. 

The three different workpiece samples (los. 3-3491, 
3-3495, and 3-3496) were counted using a Ual dector with 
the counting channel set to cover the Pe-59 and Co-60 
photopeaks. Their relative activities were obtained by 
taking 200-second counts with a fixed sample-to-detector 
distance. Table 4.1 summarises the results. 

Table 4.1" Inter-calibration of the Three Different 
lorkpiece Samples. 


Sample 

No. 

Mass 
(grams ) 

Background 

corrected 

counts 

Relative 

specific 

activity 

Sp. activity 
relative to 
S-3496 

3-3491 

0.1921 

76,1 

396 + 3 

1.256 

S-3495 

0.1S29 

54.8 

299 +2 

0.950 

S-3496 

0,295 0 

93.0 

315 + 2 

1.000 


It is seen that there is sigaif icanit variation bet^-ireen the 
three specific activities, due probabl3'' to finite differences 
in the irradiation positions used in CIEUS for the three 
workpiece /sample sets. In the present work, it was the 
workpiece corresponding to S~3496 that was used throughout. 
3ample S-3496 itself was cut into four small pieces which 
were accurately weighed and used as reference pieces for the 
counting. 



4.6 Activation of Aliiminima Samples ; 

A material of particular interest for carrying out 
loading studies is aluminium, since it is very ductile and 
difficult to grind due to the ease with which it loads. 
Although most of the present xvork was with annealed HSS, a 
loading experiment with activated aluminium was also carried 
out to establish the feasibility of generating suitable 
radiotracers for materials of interest other than steels. 

Since (n, y) activation of aluminium (100?^ Al-27) 

is very difficult to apply to radiotracer experiments (!_£ is 

2 

only 2.3 min. for Al-28), it was felt that lTa-24 Cli = 15 

2 

hours, 1.37 and 2.75 MeV coincident y's) should be used as 
the tracer. This could be ^nerated by employing the 
Al-27 (n, a) reaction with fast neutrons. The cross-section 
for this reaction is shown in Pig. 4.4 [16]. 

Initially, the activation of aluminium pieces was 
attempted by using a 5 Ci Pu-Be source. Such a source has 
a yield of -^10^ n/cm-sec with an average neutron energy 
of .V 4 MeV [17j . Since the fraction of naitrons above the 
AL^^ (n, a) threshold ( 6 MeV) was small and since the 

available flux was < 10^ n/cm^-sec, the Ba-24 activity 
obtained was too low for carrying out loading experiments. 
The characteristic -Y spectrum of Ua-24, however, was clearly 
observable from the irradiated workpiece itself. 



Activation using the Institute's 2 HeV Van de Graff 
generator as a source of 14 Me^ neutrons proved quite satis- 
factory for the work. The (n, a) cross-section peaks 

at -^13 MeV (Pig. 4.4) so that 14 MeV ner.trons obtainable 
from the E'' (d, n) He reaction are highly suitable for 
the activation. A 8 Ci tritium target obtained from B.A. R.C. 
was used with a bombarding deutron energy of -^0,9 MeV. The 
aluminium pieces were mounted /v 6 cm, from the target, and a 

deutron current of 60 jaA was employed giving a total 14 MeV 

9 -1 r 1 

neutron yield of --^10 sec [18J. The aluminium pieces 
were irradiated for a.' 48 hours, so that the iira-24 activity 
was close to saturation. This activity was found to be 
quite adequate for carrying out loading experiments using 
the extrapolation method for normalisation (i.e. employing 
singl.es counting only). 

Pig. 4.5 shows the y-spectrum of the activated alumi- 
nium pieces. The decay of activity for one of the samples 
was followed for a period of 3 daj^ . A plot of the 
count-rate Vs. time, was obtained on a log-linear scale and 
yielded a half-life of (14.6 + 0.5) hrs. (confirming that 
the activity was almost completely due to Era-24). In order 
to check whether the aluminium pieces (of sise^^ 25 mm x 15 mm x 
12 ram) had been activated unifomly, one of them was sliced into 
a number of small pieces by cutting in three perpendicular 
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Q i PC- c "ti 0 ns caiio ulie PGlacive specific e.ccivi'by of eacli sina,!! 
piece was deteriained . It X'^as found that there was no measurable 
ne terogenerty of tne activit.]/ in the plane nomal to the inci- 
cl en t neu tr ons , 

It should be mentioned that the relatively short half- 
life of ha— 24 is a considerable advantage in the sense that 
there is no ciangex of any long-term cont amine. tion of the 
grinding machine and working area, howevc-ir, the 15 -hour 
half-life does mean that the grinding experiments have to be 
carried out soon after tlie generation of the activity (i.e. 
within a day or teo). This is quite feasible when a 14 MeV 
neutron generator? as at IIT Kanpur? is readilj^ available. 

4 . 7 Radiological Considerations ; 

Creneral radiological protection aspects were outlined 
in Sec. 2.4 • based on these considerations, the present 
experiments were ca.rried out in an isolated room. Since 
the specific activity of the woitepieces wa.s not very high, 
handling and monitoring of the woikpiecc could be carried 
out using 30 cm. long, surgical tongs, leatd shielding for 
the workpiece, when in position on the grinding machine, 
was found unnecessary a.s adequate distances could be mainta.ined 
during the experiment for the received dose to be well wi thin 
50 mR per test. iui air-contamination monitor and an area 
monitor were used at all stages of experimentation with the 
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activated workpiece, A regular film-badge service xfas utilized 
for maintaining a record of the dose received during the 
course of the entire work. 

The floor in the wo iking area was covered with rubber 
sheeting to minimise the spread of any loose activity, while 
transferring the debris -collection box' and the grinding wheel 
to the work table, etc. An apron, over-shoes and hand gloves 
were used throughout. The danger ox chip activity becoming 
airbome during the grinding and dressing operations was mini- 
mised through the use of the debris-collection box as dis- 
cussed in Sec. 4,3. As a further precaution, a mask was 
worn during these machining operations. 

for counting puiposes, the grinding wheel was wrapped 
in polythene. The dressed-debris samples were scraped into 
double-walled pill-boxes, all such sample preparation beiug 
carried out in a separate aluminium tray placed on the work 
table. The tray was monitoiad periodically and cleaned 
carefully if any contamination was detected. 
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EXPIRII-ISRPS^ results MD their IlTERPRETATIOli! 

This chapter deals with the "varioiis experiments carried 
out to study characteristics of the loading phenomenon in 
grinding* Loading curves were obtained for different grinding 
conditions for the annealed HSS woik material. The techniq.ues 
discussed in Chapter III for obtaining absolute results were 
compared in four of the experimenis. The repeatability of the 
measurements was tested by employing the same grinding condi- 
tions for three of the experiments and comparying the lesults. 
A few conventional measurements were also carried out ■using 
the method outlined in Sec. 3.3.2. 

Finally, an interpretation of the loading data obtained 
for the different experiments has been attempted. 

5.1 Procedure for Obtaining Relative Loa d ing Curves s 

Experimen-ts were perfozmed imder dry, plunge grinding 
conditions. The wheel and workpiece specifications are given 
in Table 5.1. 

Table 5.1^ Wheel and Woricpiece Specifications. 

Wheel used 38A46J8'VBB (Grindweii -Horton) 

127 inm x 16 mm x 32 mm 
Wheel speed 3000 r.p.m-. 

Work material Annealed HSS, S-3496, BHH -^240 

Size of woikpiece 20.0 mm x 10,06 mm x 10 mm 
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Prior to each experisiantj 1iie grijiding wheel (after 
removal of loaded material from the previous experiment) was 
counted for any residual activit3r on its faces (Sec. 3.3.1). 

This count ~r ate was taken as wheel background, to be subtracted 
from each reading. The iriieel was then dressed and trued by 
means of a diamond dresser. In order to obtain consistent 
results, a fixed dressing sequence was employed at this 
stage (Table 5.2). 

Table 5.2; Dressing Sequence Employed. 

(i) Two passes with diamond dresser ^ inf eed of 0.026 mm per pass 

(ii) Two passes with diamond dresser, inf eed of 0.013 mm per pass 

(iii) Two passes with diamond dresser , infeed of 0.000 mm per pass 

Wheel speed during dressing ; 3000 rpm 

Average linear speed of diamond 

dresser during each pass ; 0.02 m/min. 

To obtain the fiist point on the loading curve, the 
grinding operation was carried out with the activated woik- 
pieco for typically 10 passes. The wheel was then removed 
from the spindle an.d singles counted on the Eal counting set- 
up for 200 secs. The sum of the tViTo singles count-ra.tes 
obtained, after appropriate background subtraction, was taken 
as the relative measure of the loaded amount of work material. 
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The "Wheel "tfas then mounted hack into position on the 
gninding machine. In order to obtain x^peatable mounting 
conditions, the Trout face of the spindle casing, the rear 
anc. froii'c flanges, as well as the faces of the grinding 
wheel, were suitably marked. 

The grinding operation was then continued with the 
partially loaded wheel for another 10 passes, after which 
the wheel was removed from the machine and counted once 
a,gain to yield a second point on the loading curve (corres- 
ponding to a total of, now, 20 passes). In this manner, 
points on the load. ing curve could be generated for (say) 30, 40, 
60, 80, 100, 120 passes. It should be mentioned that a refe- 
rence piece of tae work material was counted periodically 
during the experiment to take into account any drift in the 
electronics. Further, the room background was also periodi- 
cally checked. The statistica.1 error for each point on the 
relati"ve loading curves obtained was tjwjically + 4 percent. 

Up 

The abscissa used for the loading curves was "volume 
of material rerao"vcd, as measured 13;^ a GM-10 dial gauge 

( Sec ,4.1). 

The measurement of normal (F^) and tangential (F^) ■ _ 

forces vfas attempted simultaneously during all the experi- 
ments . Howe ver, initially , it was not poss ible to get proper 
recorder output due to extraneous pick-up. Tliie fault was 
eliminated during the latter experiments, after making suitable 
ground co"nnections. 



48 


5*2 The Various Egp erim en ts with Annealed ESS i 

A number of experiments were performed with the activated 
annealed HSS workpiece under different prindiag conditions, by 
varying depth of cut (d) and table speed (v) (Table 5.3). 

Table 5.3 2 Grinding Conditions for the Various Experiments 
wi -fh Anne a le d HSS . 


Experi- 
ment No. 


1 2,3,4 5 


6 7 8 


9 


10 


Depth of 0.013 0.0065 0.0195 0.0065 0.0065 0.0065 0.00975 0.00975 

cut, d(mm) . . ' 

Table 5.0 5.0 5.0 3.66 2.7 6.0 ' 6.0 5.0 

speed, V 
(m/min. ) 


I 

The loading curves obtained for the various experiments are 

shown in Pigs. 5.1 to 5.3. i 


In all the experiments, ihe nature of the loading 
curve was found to be similar (Pigs. 5.1 - 5.8). Thus, a 
newly dressed wheel was seen to load rapidly during the initial 
stage of grinding (Stage I). The loading then seemed to 
approach an equilibrium, steady -state value. Thus, during 
this second pha,sG (Stage II), the loading remained nearly 
constant or increased only at a verjJ" slow rate. 

A simple interpret action of the above would be that 
initially (Stage I), there is rapid filling of the free (empty) 
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pores on the wheel's cutting surface. Stage II represents a 
region of dynamic equilibrium in which the amount of freshly 
loaded material is equal to the amount of loaded material 
removed due to wheel wear. 

In Experiments 1, 2,3,4 (Ei^. 5.1, 5.2), it was 
observed that after Stage II, the loading increased and 
approacheo a slightly higher 'plateau'. This increase in 
loading was found to be due to the appearance of small burrs 
on the sides of tl.ie workpiece. ¥ith the plunge grinding 
conditions employed, this meant that some fresh (new) cutting 
surface of the wheel was exposed to these burrs and that this 
would start loading; rapidly. Other measurements (Sec. 5.7) 
indicated that, although the burrs had appeared, the wheel 
was still cutting efficiently at this point. 

5.3 Koimalisation to Absolute Results ; 

The relati've loading curves only indicate the nature of 
loading. However, if results obtained in different experi- 
ments , with possibly different work materials (Sec. 5.8), are 
to be compared, the amount or volume of loaded material must 
be obtained . 

This was done by using the normalization techniques 
described in Chapter III. Thus, the amount of loaded material 
at the end of an experiment was determined via Y“Y coincidence 
counting of the wheel and a reference piece of work -mate rial 
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(Sec. 5.1). A correction of (~3 + 2) percent was applied in 
deducing results from Equation (5), Sec. 3.1, to account for 
angular correlation effects. Tiiis correction was obtained by 
coincidence counting a standard 0o-60 source placed first at 
the centre of the wheel end then at the wheel circumference, 
the difference in the absolute activity results obtained 
representing the effects of angiolar correlation for the wheel 
counting geometry. 

The mass of loaded material at -the end of the e^speri- 
ment, deduced in this way, viz. , was converts^ to -Tolume 
using -the measured density of the work material (S.6 gm/cm^). 

With the end point .of the loading curve thus normalised, the 
entire curve was rendered absolute in terms of (loaded 
volume) - vs - (volume removed). 

Normalisation via y-y coincidence counting of the wheel 
was carried out explicitly only in Experiments 1,2,3 and 4, 
in view of the relatively long counting times required for 
obtaining adequate coincidence statistics for the wheel 
(typically + 3 percent after 12 hours of counting). The second 
noimalisation technique, i.e. the extrapolation method ( Sec .3. 2) , 
was, however, applied in all the ten experiments. Eig. 5. 9 gives 
a typical curve obtained for "the extrapolation method and 
indicates that the extrapola-tion correction for the singles 
counting of the rsfsrence pieces ,on "the wheel periphery (aec.3. 2) 
was only 2 percent. 



51 


In order go conf iriH the validity of 1iie above two 
ueciiniqneoj the lo3-ded material was collected during dressing 
at the end of .-ixperinients 1,2,3 and 4 and was ccxinted in coin- 
cidence in pill-box geometry. To the absolute amount of loaded 
material thus obtained, a correction was applied for the 
residual activity on the wheel's faces (Sec. 3.3.1), thus 
yielding the total amount that had been loaded on the wheel, 

5 • 4 Comparison of Normalisation Tec h niques s 

Absolute results obtained by using the three different 
normalisation techniques are compared in Table 5.4. It is 
seen that the results obtained, viz. 1/^ , and V^, agree 

with each other within the indicated statistical errors of 
typically + 4 percent. This shows that the presently developed 
techniques yield consistent results for the loaded volnme Yj^. 

The last column in Table 5.4 gives the -value of loaded 
volume for Experiments 2,3 and 4, as deduced from singles 
counting of the wheel using the absolute results from coin- 
cidence counting during Expt. 1. The consistency here shows 
that absolute results once obtained for a particular experi- 
ment (either by coincidence coun-ting of the -sdieel or the extra- 
polation me-thod) can be used to no ims.lise the relative sin^^ ^^ 
count-rates in other experiments. This is provided the geo- . 

metry offered by the wheel (i.e. the diameter of the wneel) 

does not vary much between the experiments, and further that a • 

f ’ ? ■’T'MD 
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refsrGiic© pi6ce i>j countiGd sziaul1;aii6 cus It durin.jS' iiie expsri— 
inGH.'ts "to "ba.k© in. CO a,ccoun"t any docay ox activitiy as wgH as 
drifts in the counting system. 

5*5 Between Raoiotracer and Oon'vention al Measurements 

A few conventional measurements xrere carried out with 
unirradiated work material for the grinding conditions of 
Expts. 2,3 and 4 using the technique discussed in Sec. 3.3.2. 
Results thus obtained are compared in fable 5,5 with those 
obtained by the radiotracer method. 

Table 5.5* Compa.ris on of Conventional and Radiotracer 
Measurements. 


lo. of 
Passes 

Volume of Material loaded (mm^) 




Conventional 


Radiotracer 


Mass of 
grains plus 
loaded 

material (gm) 

Mass of 

grains 

(gm) 

Mass of 
loaded 
material 
(gm) 

Corrected 

loaded 

volume 

(mm^) 

loaded 
volume- 
( mm^ 

5 

1.16487 

1.16190 

0.00297 

0.38 

0.34 

10 

1.36253 

1.35761 

0.00492 

0.63 

0,56 

15 

1.67155 

1.66401 

0.00754 

0.96 

0 . 73 

20 

0.84388 

0.83593 

0.00795 

1.01 

0.87 

30 

2.90470 

2.89600 

0.00870 

1.11 

1.01; 


It is seen that the results obtained from the conventional 
measurements are typically 10 percent greater than those 
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frcm the radiotracer techniques, The agreement is still 

very enc ouro.ging 5 considering (a) th.e sources of error in 

the conventional method used (e.g.^ the deduction of loaded 

mass from iiie difference of two nearly equal weights (Table 5.5)), 

and (b) the fact that the repeatability of loading experiments 

(Sec. 5.6) is only 10 percent, 

5.6 Repeatability/ of Results ; 

Three experiments, viz. Experiments 2,5 and 4, were 
carried out under identical grinding conditions (tt = 5.0 m/min, 
d = 0.0065 mm), to check the repeatability of results. The 
loading curves for the three experiments are compared in 
Eig. 5 . 2 . It is seen that results are repeatable to only 

+ 10 percent due to the randomness of various mechanisms in 
the grinding process. 

5.7 Interpreta tio n of loading Data ; 

Prom the jjlots of forces (P^ and P^) shown in Pi^. 5.6, 
5 . 7 , and 5 . 8 , (for Expts. 8, 9, 10 respectively), it is seen 
that Stage II of the loading curves lies in a region of stable 
forces. It is thus indicated that the 'equilibrium* loaded 
amount (Sec. 5.2) was established during the time the grinding 
process was taking place in an efficient manner. This was 
further confirmed by the fact that the volume removal rate 
was constant throughout these experiments (Pig. 5.10). 



The * steady-state ' loaded -TOlujiLe is what would effect 
certain iniportaiic "variables in the grinding process, e.g. 
surface finish, power consumption, etc. from this point of 
"View, it was felt that a. parameter to characterise Stage II 
of the loading curve should be studied for its variation 
with grinding conditions. The loaded "volume corresponding 
to = 55 mm^ was chosen as this parameter, since it was 
found that, in each of "the present experimen"ts , the loaded 
volume "^i^^ (corresponding to a volume removal of 55 mm^) 
lay on the 'plateau’ of "the loading curve. 

Pig. 5.11 shows the variation of "^55 with depth of 
cut d (v = 5.0 m/min. ) and table speed v (d = 0.0065 mm). 

The errors indicated on the experimental poin"ts include 
+ 10 percent due to the repeatability cons"fcraint (Sec. 5.6). 
It is seen that increases with d in the manner indicated 

However, the variation with v is not that clear. This is 
probably_ due to the limited range of table speeds presently 
investigated. Higher v-values could not be achieved with the 
present set-up without causing significant vibration of the 
table. 

Prom an empirical point of view, it was felt that a 
parameter characterising the loading phenomenon should depend 
on some appropriate combination of "the cutting conditions, 
such as volume removal rate (vd), or chip thickness 
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( oe: V ^ , d , Sec» 2,1.2). Fig. 5.12 and 5.13 show the 
variation of "^55 with vd and d'“^^ for all the different 

experiments conducted. (The effect of the variation in wheel 
diameter - '^10 percent between Experiments 1 and 10 - has 
been presently neglected in considering the chip thickness). 
Although smooth curves have been drawn through the experi- 
mental points in both Figs. 5.12 and 5.13? it should be noted 
that a particular parameter cannot, by definition, be expected 
to vary smoothly with both vd and v^'^^ ■ In order to 

establish if ^^55 indeed varies with one of these, and if so, 
which one, it would be necessaiy to cs,rry out a much larger 
number of experiments covering a wider range of grinding 
conditions (particularly for v) than presently investigated. 

Although Stage II of the loading curve was presently- 
deemed important, it has not been established that the 
nature of the loading curve would be similar for other 
wheel /work combinations. It is possible that in other 
situations, Stage I may be a more significant region. This 
may be characterized in several possible ways, e.g. by the 
value which gives a loaded -volume equal to half the 'equi- 
librium' value. The method presently adopted was to assume 
that the approach to equilibrium coild be expressed by the 
following relation between and 
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\55 - = exp (~a V^) 

where 'a' is a constants characterizing the rate at which the 
loaded volume approaches By plotting 55 “ ) 

against on a log-liner scale, straight lines were indeed 
obtained for the ’elbow’ region of 'the loading cuives, the 
slopes of these lines giving appropriate a values for the 
different experiments. 

Pig. 5.14 shows the -variation of ’a' with d and v.. 

Pig. 5*15 and 5.16 show the variation with vd and v^^^ 

It is seen that the experimental point for Bxpt. 10 does not 
seem consistent with the other data. This could be due to 
some systematic error in this particular e25)eriment. However, 
It should be mentioned that the -value of *a’ was found to be 
strongly dependent on the exact manner in which the loading 
curve was fitted to the veiy few experimental . points available 
in the ’elbow’ region. Thus, to some extent, -the results 
obtained for a were rather ambiguous. 

5.8 Loading Measurements with Alumi nium; 

As mentioned in Sec. 4.6, activa’bion of aluminium 
was achieved using -the Van de Graff generator at IIT Kanpur 
as a 14 MeV neutron source. A loading experiment was carried 
out with -the acti-vahed sample of aluminium, usiag the same 
wheel as earlier and the following grinding conditions s 
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Wheel speed 
Depth of cut 
Table speed 
V/orkpiece size 


2000 rpia 
0.006 5 mra 

5.0 m/min 

25.0 mra x 15.4 mm x 11.5 mm 


The experiment x^as carried out as explained in 

Sec. 5.1> except that appropriate decaj" corrections had to 

be applied to each reading (Tj_ for Ka~24 = 15 hours) for 

2 

obtaining the relative loading curve. The results were 


normalised by employing the extrapolation method. Dig. 5.17 
shows the normalised loading curve obtained. 


It is seen that the loaded volume on the xdaeel surface 
increases rapidly to a very much higher value than in the 
annealed HSS experiments (even after accounting for the larger 
width of the aluminium x^’oikpiece ) . This can be explained, 
partly by the differences in material properties and partly 
by the fact that the* wheel wear would be greatly reduced 
in the aluminium experiment. The latter would imply a very 
much smaller removal rate for the loaded material and hence 
an approach to ’saturation* (with the material filling the 
pores completely) rather than an approach to a state of 
dynamic equilibrium for the loaded material (Sec. 5.2). It 
is such excessive loading which effects the grindability of 
aluminium. 
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COECLUSIOES MD SCOPE EOR FURTHER WORE 


6.1 Conclusions ; 

The loading phenomenon in griadiag is difficult to 
study experimentally by conventional means. Although a few 
systematic investigations of the phenomenon have been tried 
out earlier y some of the methods that were employed are 
rather painstalcing, while others provide difficulties in 
obtaining absolute results. 

Radiotracer techniques have been developed and applied 
for the first time to the evaluation of the loading of grind- 
ing wheels. It has been shown that they provide a simple 
and highly sensitive means for study of the phenomenon. 

Various loading experiments were carried out with 
activated annealed HSS workpieces, Go-60 and Pe-59 being 
the Y“®'Fitting tracers used. Two techniques were applied 
for normalising the relative loading curves obtained throu^ 
singles y-counting of the wheel's cutting surface, via., 

(a) y-y coincidence counting of the Co-60 activity and 

(b) an extrapolation method for the singes counting. By 
comparing absolute results obtained using the above two 
techniques as well as coincidence counting of dressed _ 



debris, consistency between the different radiotracer methods 
was establisheo within statistical error of typically 
+ 4 percent. 

A comparison of loaded volumes deduced by the nuclear 
methods was made with some conventional measurements involv- 
ing the chemical separation of grains from dressed debris. 

Ihe agreement obtained was satisfactory, considering the 
errors in the conventional measurements as well as the repeat- 
ability of loading experiments (presently established as 
about + 10 percent). 

The no xm alls at ion of loading curves by Y“Y coincidence 
counting of the wheel involves relatively long counting times 
(typically 12 hours) to obtain adequate statistical accuracy. 
T'urther, this technique can be used only if the available 
radiotracer decays by the simultaneous emission of two y-rays. 
^n the other hand, the extrapolation method can be applied to 
any available y-emitting radiotracer with a not-too-short 
half-life. Also, since only singles y-counting is involved, 
adequate statistical accuracy can be achieved in a relatively 
short period. It has been seen in the present experiments 
that the extrapolation corrections (to account for the diffe- 
rent counting geometry and self-absorption effects for the 
reference wo ik -mate rial prices stuck symmetrically on the 
wheel periphery) wAvt.: only f^2 percent. It must be stressed. 



however, that for any applied techniq_ue, measurements should 
he carried, out while taking all necessary precautions to 
minimise systemaoic errors and elimina,te possible ambigui- 
ties (e.go , che finite possibility of some woik material 
sticking to the wheel s non— cutting faces during grinding 
(Sec. 3.5.l))« 

Investigation of the loading data presently obtained 
for annealed HSS was carried out by considering two charac- 
teristic stages of the loading curves, viz., (a) Stage- I 
in which there is a rapid increase of loaded material and 
(b ) Stage - II in which the loaded amount remains nearly 
constant. The latter was interpreted as a steady -state value 
representing dynamic equilibrium het^reen further loading and 
wheel wear. The variation of characteristic loading para- 
meters defined for these two stages was studied with grinding 
conditions, viz., table speed (v) and depth of cut (d) as well 
as appropriate combinations of v and d. While a clear 
dependence* of loading on d was observed, the range of condi- 
tions investigated was not wide enough to draw moie fundamen- 
tal conclusions about the loading phenomenon. 

A loading experiment was conducted for an activated 
aluminium workpiece , using Wa- 24 as the radiotracer. The 
latter was generated via 14 MeV (n a) activation, using the 
IIT Kanpur Van de Graaf. Employing the extrapolation method 
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for normalisation, it was found that the loaded volume for 
aluminium was very much greater thaii for the steel. This 
was interpreted as being partly due to the much smaller 
wheel-wear rate in the aluminium experiment, so that the 
loaded material would tend to fill pores on the wheel's 
cutting surface more completely. 

6.2 Scope for Further Work ; 

Presently, only a single wheel/work canhination has 
been studied in some detail. It would be, important to 
investigate whether the nature of the load iag curve is 
similar for other combinations. Thus, it has been demons- 
trated how radiotracers can be generated and used for studies 
with steels (Pe-59 or O0-6O) and aluminium (Na-24). Brass is 
an example of another material of interest for load lag 
experiments. Here the tracers that could be used are 
Zn~65 (Ti = 245 days) from (n, y) activa.tion of zinc, or 
Cu -64 (Ti = 12.3 hours) from Gu-65 (n, y) or Cu-65 (n, 2n). 

The range of grinding conditions presently considered 
was rather limited, partly due to inadequacies of the 
grinding set-up used. A much more comprehensive set of 
experiments would have to be carried out in order to establish 
whether an empirical relationship exists between loading and 
some grinding parame ten* such as volume removal rate, chip 
thickness or chip length. 
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The presently developed me tix)ds for loading studies 
should he applied in parallel with measurements of other 
basic grinding variables, such as surface finish, grinding 
ratio (wheel wear) and grinding coefficient (forces), so 
that a clear understanding of the phenomenon and its effects 
can be evolved. The optimization of wheel specifications, 
grinding conditions and the choice of cutting fluid could 
then be carried out in an appropriate manner. Bxperimente 
could be conducted for studying the variation of wheel-life, 
as defined in terms of some critical volume of loaded 
material. 

The same basic radiotracer methods as presently 
applied to grinding could be used for studies of loading in 
honing, another important finishing process. 
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V = Table Speed 

d = Depth Of Cut {Down Fee^i:- 

V = Wheel Speed 

t = Chip Thickness 
D = Wheel Diameter 


Fig, 2.1 Vari 0 bles In Surface Gr?r 
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